Animals learn through experience and consolidate the memories into long-time storage. Conditioning parameters to induce protein synthesis-dependent long-term memory (LTM) have been the subject of extensive studies in many animals. Here we found a case in which a conditioning trial inhibits or facilitates LTM formation depending on the intervals from preceding trials. We studied the effects of conditioning parameters on LTM formation in olfactory conditioning of maxillary-palpi extension response with sucrose reward in the cockroach Periplaneta americana. We found, at first, that translation-and transcription-dependent LTM forms 1 h after training, the fastest so far reported in insects. Second, we observed that multipletrial training with an intertrial interval (ITI) of 20 or 30 sec, often called massed training, is more effective than spaced training for LTM formation, an observation that differs from the results of most studies in other animals. Third, we found that a conditioning trial inhibits LTM formation when the intervals from preceding trials were in the range of 10 -16 min. This inhibitory effect is pairing-specific and is not due to decreased motivation for learning (overtraining effect). To our knowledge, no similar inhibition of LTM formation by a conditioning trial has been reported in any animals. We propose a model to account for the effects of trial number and ITIs on LTM formation. Olfactory conditioning in cockroaches should provide pertinent materials in which to study neuronal and molecular mechanisms underlying the inhibitory and facilitatory processes for LTM formation.
[Supplemental material is available for this article.]
Animals learn from experience and consolidate the memory into long-term storage. Classical conditioning is one of the basic forms of associative learning in many vertebrates and invertebrates, and investigation of conditioning parameters for acquisition and retention of long-term memory (LTM) has been a fundamental issue in the study of learning and memory (Dudai 2012; Dudai and Morris 2013; Kandel et al. 2014) . It has been shown that multiple trials are more effective than a single trial for inducing protein synthesis-dependent LTM and that spaced training with a longtime interval (typically over 1 min) is more effective than massed training with short intervals for inducing LTM in many studies in vertebrates and invertebrates (Sutton et al. 2002; Cepeda et al. 2006; Philips et al. 2007; Sunsay and Bouton 2008) including insects (honeybees: Gerber et al. 1998; Menzel et al. 2001 ; fruit flies: Tully et al. 1994; Margulies et al. 2005; Pagani et al. 2009; Akalal et al. 2010; crickets: Matsumoto and Mizunami 2002; Matsumoto et al. 2006 ). Here we report a case that appears to be an exception to the latter rule.
In this study, we investigated stimulus parameters to determine olfactory long-term memory formation in the cockroach, Periplaneta americana. Olfactory learning capabilities of cockroaches have been well documented in studies using an operant conditioning procedure (Sakura and Mizunami 2001; Sakura et al. 2002 ) and a classical conditioning procedure (Watanabe et al. 2003 (Watanabe et al. , 2008 Mizunami 2006, 2007) . In addition, olfactory receptor neurons and olfactory interneurons in the brain have been anatomically and physiologically characterized in some detail in the cockroach (Boeckh and Ernst 1987; Watanabe et al. 2010; Nishino et al. 2011 Nishino et al. , 2012 Nishino et al. , 2015 , and experiments with local microinjection of acetylcholine receptor antagonist suggest that the mushroom body plays critical roles in olfactory learning (Watanabe et al. 2011) . However, stimulus parameters to determine acquisition and retention of long-term memory have not been characterized.
In this study, we first developed a procedure for olfactory conditioning of maxillary-palpi extension response (MER) in cockroaches. We recently showed that crickets extend and vibrate their maxillary palpi in response to presentation of water to the antennae or the mouth and that they also exhibit the same responses when an odor conditioned with water is presented to the antennae (Matsumoto et al. 2015; Awata et al. 2016) , and here we show that cockroaches exhibit the same responses to presentation of sucrose solution or sucrose-associated odors. By using MER, we investigated the effects of the number of conditioning trials and the intervals between the trials for formation (consolidation) of long-term memory (LTM), and we found some unique features of stimulus parameters for formation of LTM. Notably, we found that a conditioning trial can inhibit or facilitate LTM formation depending on the timing from preceding trials, an observation that, to our knowledge, has not been reported in any animals.
Results

Olfactory conditioning of MER in cockroaches
We first established a procedure for olfactory conditioning of MER in cockroaches. When a cockroach is stationary, the maxillary palpi are held beneath the mouthpart. When a drop of sucrose solution was placed on the antennae or a filter paper soaked with essence of food odor was presented near the antennae, the cockroach extended and vigorously swung its maxillary palpi ( Fig. 1A ; Supplemental Movie 1), which we refer to as MER. This response was immediately followed by upward and forward extension of the mouth, vigorous swinging of antennae, and forward locomotory movement. Thus, MER is an initial part of a sequence of exploratory behavior.
We investigated whether repeated pairing of an odor with sucrose reward (Fig. 1B) leads to a pairing-specific increase in the probability of MER to the odor. One group of cockroaches received five pairing trials with a 7-min intertrial interval (ITI) (paired group, Fig. 1C ). The percentage of MERs during a 3-sec period of odor presentation was scored. The group exhibited a significant increase in percentage of MERs to the paired odor (CS) with an increase in the number of trials ( Fig. 2A , Cochran's Q test: n ¼ 54, P ¼ 4.70 × 10 215 , x 2 ¼ 73.24). A control group received unpaired presentations of an odor (CS) and a sucrose solution (US) for five times each with a 3.5-min ITI (unpaired group). Another two control groups received presentation of an odor CS alone or sucrose US alone for five times (odor-only group or sucrose-only group) (Fig. 1C) . In the unpaired group and odor-only group, percentages of MERs during a 3-sec period of odor presentation were scored. In the sucrose-only group, a filter paper containing no odor essence was presented near the antennae for 3 sec before sucrose presentation, and the percentage of MERs during the 3-sec period was determined. The unpaired group exhibited a significant increase in the percentage of MERs with progress of training, but the odoronly group and sucrose-only group did not ( Fig. 2A , statistical results shown in legends). A small increase in the MERs in the unpaired group may reflect an unspecific sensitizing effect. Statistical comparisons among groups showed that the percentage of MERs in the paired group did not differ from those in control groups in the first trial (before presentation of a US and thus before the first pairing), but the percentage of MERs in the paired group was significantly greater in the fifth trial (i.e., after four trials). We thus conclude that the increase in MERs to the paired odor is pairing-specific and is not due to a nonassociative sensitizing effect.
In the 1-d retention test, the paired group exhibited a significantly higher percentage of MERs to the odor used in training (trained odor) than to a novel odor not used in training (Fig.  2B) . In contrast, the unpaired group and the odor-only group exhibited no significant difference in percentages of MERs to the trained odor and to a novel odor. In the sucrose-only group, there was no significant difference in percentages of MERs to two novel odors (rose and orange odors). We thus conclude that five-trial conditioning with a 7-min ITI is sufficient to induce acquisition and 1-d retention of CS-specific memory. The percentage of MERs to the trained odor in the unpaired group appeared to be very low, but it did not significantly differ from that in the odor only group.
Effects of five-trial conditioning with different ITIs on acquisition and 1-d memory retention
A major aim of this study was to clarify the effects of number of trials and ITI on formation of long-term memory. We first studied the effects of five-trial conditioning with different ITIs. Seven groups of cockroaches received five-trial conditioning with an ITI of 20 sec, 30 sec, 2 min, 5 min, 7 min, 10 min, or 15 min. All of the groups exhibited significant increases in percentages of MERs to the CS with increase in the number of trials (Fig. 2C ). In the 10-min ITI group, however, the level of acquisition was low. Comparison among groups showed that percentages of MERs at the fifth trial in the 20-sec, 30-sec, 2-min, and 7-min ITI groups, but not in the 5-and 15-min ITI groups, were significantly higher than that in the 10-min ITI group.
In the 1-d retention test, all groups except for the 5-min ITI group exhibited significantly higher percentages of MERs to the CS than to a novel odor (Fig. 2D) , indicating that the memory is CS-specific. We thus conclude that five-trial conditioning with ITIs of 20 sec, 30 sec, 2 min, 7 min, 10 min, and 15 min leads to 1-d retention but that five-trial conditioning with a 5-min ITI does not. The absence of 1-d retention of CS-specific memory with this specific stimulus parameter was the subject of our experiments described in a later section. Comparison of percentages of MERs at the fifth trial and in the 1-d retention test showed that they significantly decreased in the 20-sec and 2-min ITI groups but not in other groups, obviously due to a sensitization effect adding to the acquisition performance in the short ITI groups.
Dissection of translation-and transcription-dependent long-term memory from earlier memories
In various systems of learning in many animals, memory after training can be divided into several phases with different time courses and with different underlying biochemical or cellular processes, such as amnesia-sensitive short-term memory (STM), amnesia-resistant mid-term memory (MTM), and protein Groups of cockroaches were subjected to paired or unpaired presentation of CS and US (paired or unpaired groups) or presentation of CS or US alone (odor-only and sucrose-only groups). The paired group received 6-sec CS presentation and subsequent 3-sec US presentation with a 3-sec delay from the CS onset. The unpaired group received 6-sec CS presentation and subsequent 3-sec US presentation with a 3.5-min interval. The odor-only group and sucrose-only group received 6-sec odor presentation and 3-sec presentation of sucrose solution, respectively. The retention test consisted of 4-sec CS presentation and 4-sec presentation of a novel odor with a 5-min interval.
synthesis-dependent LTM (Tully et al. 1994; Tiunova et al. 1998; Menzel 1999) . We studied the effects of actinomycin (Act-D, a transcription inhibitor, dissolved in 1% DMSO) and cycloheximide (protein synthesis inhibitor) on acquisition and 30-min, 1-h, and 1-d retention. We also tested the effect of L-NAME (NO synthesis inhibitor), which inhibits the formation of protein synthesis (translation)-dependent LTM in cockroaches (Matsumoto et al. 2013) . Four groups of cockroaches were injected with saline or saline containing cycloheximide, actinomycin D, L-NAME, or DMSO (saline, CHX, Act-D, L-NAME, and D-saline groups) at 30 min before five-trial conditioning with 30-sec ITIs and then received a retention test at 30 min, 1 h, or 1 d after conditioning. The doses of the drugs were determined on the basis of results of our previous study (Matsumoto et al. 2013) .
All of the groups exhibited significant increases in percentages of MERs to the CS with progress of training (Fig. 3A) . The levels of acquisition in the Act-D group and D-saline group appeared to be slightly lower, but no statistically significant difference was found among the groups at the fifth trial. In the 30-min retention test, all of the groups exhibited significantly greater responses to the CS than to the novel odor (Fig. 3B) . In the 1-h and 1-d retention tests, the control group injected with saline or saline containing DMSO (D-saline) exhibited a greater response to the CS than to a novel odor, indicating retention of CS-specific memory, but the CHX, L-NAME, and Act-D groups exhibited no significantly greater percentages of MERs to the CS than to the novel odor (Fig. 3C,D) , indicating no retention of CS-specific memory. The results show, at first, that translation-and transcription-dependent LTM is established only 1 h after training. To our knowledge, this is the fastest formation of LTM so far reported in insects: it has been reported that protein synthesis-dependent olfactory LTM is fully developed 8 h after training in crickets , 24 h after training in fruit flies (Tully et al. 1994; Margulies et al. 2005) , and 3 d after training in honeybees (Menzel 1999; Matsumoto et al. 2014 ). Second, "massed" pairing trials with a 30-sec ITI lead to formation of protein synthesisdependent LTM formation in cockroaches: This is in contrast to results of previous studies showing that "spaced" pairing trials with ITIs of at least 1 min are necessary for formation of protein synthesis-dependent LTM in other species of insects (fruit flies, Tully et al. 1994; honeybees, Menzel et al. 2001; crickets, Matsumoto and Mizunami 2002) . 
In the sucrose-only group, percentages of MERs to two novel odors, rose (left down shaded bar) and orange (right down shaded bar) odors, were compared (McNemar's test: 
18). (C) Acquisition performance after five-trial conditioning with different ITIs. Percentage of MERs to the CS increased with the progress of training in all groups
Percentage of MERs in the fifth trial of the 10-min group was compared with those of other groups (LR test: P ¼ 1.14 × 10 27 , deviance ¼ 43.05, df ¼ 6; Fisher's exact test: 20 sec vs. 10 min: P ¼ 1.37 × 10 26 , odds ratio ¼ 14.01, 30 sec vs. 10 min: P ¼ 0.00012, odds ratio ¼ 14.01; 2 min vs. 10 min: P ¼ 0.0019, odds ratio ¼ 7.16; 5 min vs. 10 min: P ¼ 0.23, odds ratio ¼ 1.84; 7 min vs. 10 min: P ¼ 0.0018, odds ratio ¼ 4.79; 15 min vs. 10 min: P ¼ 0.092). (D) One-day retention performance after five-trial conditioning with different ITIs. Percentage of MERs to the CS was significantly greater than that to a novel odor in all groups except for the 5-min ITI group (McNemar's test; 20 sec, n ¼ 24,
Percentages of MERs to the CS significantly decreased from the fifth trial to the 1-d retention test in the 20-sec and 2-min groups but not in other groups (McNemar test: 20 sec: P ¼ 0.0094, x 2 ¼ 6.75; 30 sec:
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Dissection of anesthesia-sensitive short-term memory from later memory phases
To discriminate anesthesia-sensitive STM from later memory phases, we performed CO 2 anesthesia at various times after twotrial conditioning with a 30-sec ITI. Five groups received 10-sec CO 2 treatment at 30 sec, 5 min, 7 min, 15 min, or 1 h after completion of training. A control (intact) group received the same training but no anesthetic treatment. The percentages of MERs increased significantly with progress of training in all groups (Fig. 4A ). The percentages of MERs at the second trial did not significantly differ among groups. In the 1-d retention test, the intact group and the groups subjected to anesthesia at 7 min after training or later exhibited significantly higher percentages of MERs to the CS than to a novel odor. In contrast, the groups that received anesthetic treatment 30 sec or 5 min after training exhibited no significantly higher percentages of MERs to the CS than to a novel odor (Fig. 4B ). Thus, we characterize the memory up to 5 min after training as anesthesia-sensitive STM and the memory at 7 min after training or later as anesthesia-insensitive MTM.
Biphasic memory retention curve after one-trial conditioning
It has been reported that multiple trials, but not a single trial, produce long-lasting memory in many learning systems of animals (Tully et al. 1994; Gerber et al. 1998; Cepeda et al. 2006; Philips et al. 2007 ). We next studied the effect of one-trial conditioning. Groups of cockroaches received one-trial conditioning and then received a retention test at various times after conditioning (Fig. 5A ). Percentages of MERs to the CS in the retention test were significantly higher than that before conditioning (i.e., in the conditioning trial) in the 20-sec, 30-sec, 2-min, 5-min, 15-min, 30-min, and 1-d retention test groups, indicating successful memory retention, but those in the 7-min, 10-min, and 1-h groups were not significantly higher than that before conditioning. A comparison among groups showed that percentages of MERs in the 20-sec, 30-sec, 2-min, and 30-min groups, but not the 5-min, 7-min, 15-min, 1-h, and 1-d groups, were significantly higher than that in the 10-min group. Thus, the retention curve after a single training trial is biphasic, showing an initial decay with a trough at 10 min after training and then an increase with a peak at 30 min after training and then a decay. We next investigated whether the memory after a single pairing trial is CS-specific. Two groups were subjected to one-trial conditioning, and one group was presented with the paired odor (CS) and the other group was presented with a novel odor at 30 sec after training. There was no significant difference between percentages of MERs in the two groups (Fig. 5B) , indicating that 30-sec memory after a single trial is not CS-specific, reflecting a nonassociative effect (sensitization). Another three groups were subjected to one-trial conditioning and were presented with the CS and a novel odor at 30 min, 1 h, and 1 d after training. The 30-min retention group exhibited a significantly higher percentage of MERs to the CS than to a novel odor (Fig. 5C ), indicating 
, x 2 ¼ 118.14). Percentages of MERs to the CS at the fifth trial did not significantly differ among groups (LR test: saline, CHX vs. L-NAME: 
that the 30-min memory after a single trial is CS-specific. In contrast, no CS-specific memory was found in the 1-h and 1-d retention tests. We thus conclude that one-trial conditioning induces STM that is not CS-specific and 30-min memory that is CS-specific. One-trial conditioning induced a very low level of 1-d memory, which was not CS-specific.
Effects of two-or three-trial conditioning with different ITIs on LTM formation
We next investigated retention after two-or three-trial conditioning with various ITIs to compare with that after single-trial (Fig. 5 ) or five-trial (Fig. 2C,D) conditioning. At first, six groups of cockroaches were subjected to two-trial conditioning with 30-sec, 5-min, 7-min, 10-min, 15-min, or 1-h ITIs. The 30-sec, 5-min, 7-min, and 10-min ITI groups exhibited significant increases in percentages of MERs with training ( Fig. 6A ), but the 15-min and 1-h ITI groups did not. A comparison among groups showed that the percentages of MERs at the second trial in the 30-min, 5-min, 7-min, and 10-min groups, but not in the 15-min group, were significantly higher than that in the 1-h group. A slight difference in the performances of the 15-min group shown in Figures 5A, 6A may reflect incidental data variation due to the small sample size.
In the 1-d retention test, the 30-sec and 5-min ITI groups exhibited significantly greater percentages of MERs to the CS than to a novel odor (Fig. 6B) . On the other hand, the 7-min, 10-min, 15-min, 30-min, and 1-h ITI groups did not exhibit significantly greater percentages of MERs to the CS than to a novel odor, indicating no CS-specific memory. Thus, we conclude that two-trial conditioning with ITIs of 5 min or shorter induces CS-specific LTM but that two-trial conditioning with longer ITIs does not. These observations again do not match results of studies in many animals showing that training with longer ITIs is more effective than training with shorter ITIs for inducing LTM (Tully et al. 1994) .
Next, we studied the effects of three-trial conditioning with 5-min, 7-min 10-min, and 15-min ITIs. All of the groups exhibited significant increases in percentages of MERs with training (Fig.  6C) . Percentages of MERs at the third trial did not significantly differ among groups. In the 1-d retention test, all of the groups exhibited significantly higher percentages of MERs to the CS than to a novel odor (Fig. 6D) . Thus, three-trial conditioning with a wide range of ITIs induces CS-specific LTM. 
2 ¼ 10). Percentages of MERs to the CS at the second trial did not significantly differ among the groups (LR test: P ¼ 0.2, deviance ¼ 7.23, df ¼ 5) (B) One-day retention after two-trial conditioning. Percentage of MERs to the CS was statistically compared with that to a novel odor in each group (McNemar's test: intact: n ¼ 24, P ¼ 0.00018, x 2 ¼ 15; 30 sec: n ¼ 23,
.05, NS: P . 0.05. Figure 5 . Memory retention after one-trial conditioning. (A) Cockroaches in 10 groups were subjected to one-trial conditioning and then subjected to a retention test at different times after the trial. Percentage of MERs in each retention test was compared with that at the first trial (i.e., prior to the first CS-US pairing) (Cochran's Q test: 20 sec, n ¼ 24, 
Effects of different numbers of trials with 5-min ITIs on LTM formation
Our observations that two-or three-trial conditioning but not five-trial conditioning with 5-min ITIs produces LTM (Figs. 2D, 6B,D) are paradoxical because increasing the number of conditioning trials usually strengthens LTM (Tully et al. 1994 ). To better clarify the effect of increasing the number of trials with 5-min ITIs on LTM formation, four groups of cockroaches were subjected to four, six, seven, and 10 trials with 5-min ITIs, and 1-d retention was tested.
The results are shown in Figure 7 together with results for the two-, three-, and five-trial groups.
In the 1-d retention test, the group that received four trials did not exhibit a significant level of CS-specific memory as in the case of the five-trial group. On the other hand, the six-, seven-, and 10-trial groups exhibited significantly higher percentages of MERs to the CS than to a novel odor (Fig. 7) . Thus, the effect of increasing the number of trials with 5-min ITIs on LTM formation is complicated: LTM is formed by two or three trials but not by four or five trials and is again formed by six, seven, and 10 trials. It appears that the fourth trial inhibits the ongoing process of LTM formation, since LTM should have been formed without the fourth trial. It also appears that with further addition of two trials, the inhibitory effect is overwhelmed by the facilitatory effect for LTM formation.
Effects of three-trial conditioning with different intervals between the second and third trials on LTM formation
Based on the results shown in Figure 7 , we proposed a model in which (1) each conditioning trial has both a facilitatory effect and an inhibitory effect on LTM formation, (2) the strength of the effects varies depending on time intervals from preceding trials, and (3) summation of the effects of all trials determines whether LTM is formed. To clarify time intervals from preceding trials with which a trial inhibits LTM formation, we designed a three-trial conditioning experiment in which the interval between the first and second trials (I 1 -2 ) was fixed at 30 sec and that between the second and third trials (I 2 -3 ) varied from 5 to 30 min and thus I 1 -3 varied from 5.5 to 30.5 min. Retention was tested 1 d after conditioning. If the three-trial conditioning does not form LTM, the third trial should have cancelled out the ongoing process of LTM formation since the first two trials, if not followed by the third trial, should have led to LTM formation (Fig. 6) .
All of the groups exhibited significant increases in percentages of MERs with training trials (Fig. 8A ). In the 1-d retention test, the percentage of MERs to the CS was significantly higher than that to a novel odor in the 5-, 20-, and 30-min I 2 -3 groups (Fig.  8B) , whereas the percentage of MERs to the CS did not significantly differ from that to a novel odor in the 10-and 15-min I 2 -3 groups (10-min I 2 -3 , n ¼ 23, P ¼ 1, x 2 ¼ 0; 15-min I 2 -3 , n ¼ 24, P ¼ 1, x 2 ¼ 0). The results suggest that the third trial inhibits the ongoing process of LTM formation when it is preceded by the first and second trials with a range of intervals of 10 -15.5 min (I 2 -3 ¼ 10 or 15 min and I 1 -3 ¼ 10.5 or 15.5 min) but not when it is preceded by trials with shorter or longer intervals.
Inhibitory effect of the trial is pairing-specific
We finally investigated whether the inhibitory effect is pairingspecific. Two groups received two-trial conditioning with 30-sec I 1 -2 , and a CS or US was presented alone 10 min later. Both groups exhibited normal acquisition performance until the second trial (Fig. 8C) : The US-only group exhibited no MER at the third trial because no odor was presented. In the 1-d retention test, both groups exhibited significantly higher percentages of MERs to the CS than to a novel odor (Fig. 8D) , indicating that presentation of a CS or a US alone has no inhibitory effect on the formation of LTM. Thus, the effect of a trial to inhibit LTM formation is pairing-specific.
Discussion
We used olfactory conditioning of MER to investigate conditioning parameters for formation of protein synthesis-dependent LTM in cockroaches. Conditioning of MER is advantageous for analysis of the effects of conditioning parameters for LTM formation compared with our previous conditioning procedures (operant conditioning procedure: Sakura and Mizunami 2001; Sakura et al. 2002 ; classical conditioning and operant testing procedure: Watanabe Mizunami 2006, 2007; Watanabe et al. 2008 Watanabe et al. , 2011 in that retention can be evaluated very easily.
We observed that the process for the formation of protein synthesis-dependent LTM has some unique features in cockroaches in that (1) multiple trials with short intervals (20-30 sec), called massed training, are more effective than trials with long (.5 min) intervals, called spaced training, for formation of protein synthesis-dependent LTM and (2) a conditioning trial inhibits or facilitates LTM formation depending on the time interval from the preceding trial. To our knowledge, the former has been reported very rarely in other animals and the latter has never been reported in other animals. These features will be discussed in more detail below.
Memory phases after a single trial and multiple trials
We observed that memory after two-trial conditioning with a 30-sec interval can be separated into three phases, anesthesia-sensitive STM, anesthesia-insensitive MTM, and protein synthesis-dependent LTM (Figs. 3, 4) . The STM lasts up to 5 min after training, the MTM develops 7 min after conditioning and lasts up to 30 min after training, and the LTM is fully developed 1 h after training. Memory after a single conditioning trial was biphasic, exhibiting an initial decay with a trough at 10 min after training and a peak at 30 min after training. The time course of the second memory phase matches the late phase of the anesthesia-insensitive MTM. We thus propose that MTM can be divided into early MTM (eMTM) with a peak at 10 min and late MTM (lMTM) with a peak at 30 min: following this scheme, memory after a single trial consists of STM and lMTM, and memory after two trials with a 30-sec ITI consists of four memory phases, namely, STM, eMTM, lMTM and LTM, as shown in Supplemental Figure S1 . It should be cautioned, however, that separation of MTM into eMTM and lMTM remains hypothetical until evidence that they are based on different biochemical or cellular processes is obtained.
We observed that protein synthesis-dependent LTM is fully developed 1 h after conditioning in cockroaches (Fig. 3) , and this formation of LTM is the fastest so far reported in insects (8 h in crickets, Matsumoto et al. 2003 ; 1 d in fruit flies, Tully et al. 1994; 3 d in honeybees, Menzel 1999; Giurfa and Sandoz 2012) . This rapidly formed LTM can be maintained for at least 5 d: we observed that memory formed by five trials with 30-sec ITIs lasted at least for 5 d (data not shown). It is tempting to speculate that such rapid formation of LTM is related to the lifestyle and behaviors of cockroaches, but whether this feature can be generalized to conditioning with CS and US other than the odor CS and sucrose US needs to be investigated to enable solid discussion on this subject.
Memory after a single conditioning trial shows the lowest level at 10 min after training. A lapse of memory after weak training has been referred to as the Kamin effect (Kamin 1957) and has been reported in many vertebrates and invertebrates (Klein and Spear 1970; Riege and Cherkin 1971; Sanders and Barlow 1971; Figure 7 . One-day retention after conditioning with different numbers of trials and with 5-min ITIs. The percentage of MERs to the CS was statistically compared with that to a novel odor in two-, three-, four-, five-, six-, seven-, or 10-trial conditioning groups with 5-min ITIs (McNemar's test: 2 ¼ 17.08; 10-min I 2 -3 , n ¼ 23, P ¼ 0.0045, x 2 ¼ 10.8; 15-min I 2 -3 , n ¼ 24, P ¼ 0.0047, x 2 ¼ 10.71; 20-min I 2 -3 , n ¼ 22, P ¼ 0.0084, x 2 ¼ 9.56; 30-min I 2 -3 , n ¼ 24, P ¼ 0.0023, x 2 ¼ 12.17). (B) One-day retention performance. The percentage of MERs to the CS was statistically compared with that to a novel odor in each group (McNemar's test: 5-min I 2 -3 , n ¼ 23, P ¼ 0.027, x 2 ¼ 4.9; 10-min I 2 -3 , n ¼ 23,
2 ¼ 7.11; 30-min I 2 -3 , n ¼ 24, P ¼ 0.0015, x 2 ¼ 10.08). (C) Acquisition performance after two pairing trials with a 30-sec interval (I 1 -2 ) and subsequent presentation of CS or US alone with a 10-min interval (I 2 -3 ). The percentage of MERs in the first trial was statistically compared with that in the second trial in each group (Cochran's Q test: CS only, n ¼ 22, P ¼ 0.002, x 2 ¼ 12.46; US only, n ¼ 35,
One-day retention performance. The percentage of MERs to the CS was statistically compared with that to a novel odor in each group (McNemar's test: CS only, n ¼ 22, P ¼ 0.027, x 2 ¼ 4.9; US only, n ¼ 35, P ¼ 0.0055, x 2 ¼ 7.69). ( * ) P , 0.05, NS: P . 0.05. Rosenzweig et al. 1993; Hellstern et al. 1998 ) including honeybees (Menzel 1979; 1999; Gerber et al. 1998; Gerber and Menzel 2000) . In the mollusk Lymnaea (Marra et al. 2013) , it has been concluded that the dip in memory corresponds to transitions between different phases of memory that have different molecular requirements. Notably, in the cockroach, a 10-min interval corresponds not only to the interval in which formation of LTM is difficult but also to that in which a training trial suppresses the ongoing process of LTM formation. Indeed, the results of experiments shown in Figure 8A ,B strongly suggest that a trial that was preceded by trials with a range of intervals of 10 -15.5 min cancels out the ongoing processes of LTM formation. To our knowledge, no similar cancelation of the ongoing process of LTM formation by a conditioning trial has been reported in any animals, except for the "overtraining effect" (Brookshire et al. 1961; Ishida and Papini 1997) , in which excessive training in a condition of low motivation (e.g., exhaustion) leads to inhibition of LTM formation. It is obvious that the trial number-and ITI-specific inhibition of LTM formation observed in this study differs from the overtraining effect.
Effects of training parameters on LTM formation
We observed no evidence of a "trial-spacing effect" for LTM induction at least for ITIs of 20 sec or longer in cockroach olfactory learning. This is in contrast to the fact that a spacing effect has been ubiquitously observed in many animals; that is, multipletrial training with sufficient intervals (spaced training) leads to formation of protein synthesis-dependent LTM, but training with short intervals (massed training) is less effective. In insects, the spacing effect has been reported in fruit flies (Tully et al. 1994) , honeybees (Gerber et al. 1998; Menzel et al. 2001 ) and crickets (Matsumoto and Mizunami 2002) . It should be cautioned, however, that a spacing effect might appear if we could perform training with ITIs of ,20 sec. Moreover, because many previous studies on the spacing effect have been performed using weak conditioning protocols, in which many trials are needed to establish LTM, it needs to be investigated whether the spacing effect can be found by training with a weak US. Molecular mechanisms underlying the spacing effect have been studied in fruit flies (Pagani et al. 2009) , and it has been proposed that activation of the consolidation process for LTM formation requires multiple waves of activation of MAPK (mitogenactivated protein kinase): spaced training (with a 900-sec ITI) produces multiple waves of MAPK activation, but massed training (with a 45-sec ITI) does not, due to the slow kinetics of MAPK activation. In rats and the sea slug Aplysia, it has been shown that persistent activation of MAPK activates cAMP response elementbinding protein (CREB), which serves as a switch to form LTM in many animals including the fruit fly (Margulies et al. 2005; Philips et al. 2007; Naqib et al. 2012; Zhang et al. 2012) . Based on these findings, we propose that the absence of a spacing effect in cockroaches can be accounted for by a model in which (1) kinetics of the biochemical process activated by each trial is rapid and thus multiple trials with 20-sec intervals can produce multiple waves of biochemical processes and (2) the summation effect of multiple waves to trigger the biochemical process leading to LTM formation is more effective when the ITI is short (5 min or less). In the following section, we elaborate on this model so that other observations in this study can be accounted for.
It was an unexpected observation that a conditioning trial inhibits LTM formation when the intervals from preceding trials are 10-15.5 min (Fig. 8A) . To account for this observation, we propose a model in which we assume that (1) each trial transiently activates a biochemical process (process A) and (2) multiple activation of process A triggers sustained activation of process F (facilitatory process), which leads to formation (or consolidation) of LTM, as is assumed in the model proposed by Pagani et al. (2009) for fruit flies. We also assume that (3) a training trial induces process I, which inhibits process F, when the interval from the preceding trial is in a range of 10-16 min or when the number of preceding trials with intervals in this range is larger than the number of trials with intervals outside this range (i.e., ,10 min or .16 min). The model has been mathematically described in Supplemental Data 1.
In Figure 9A ,B, we show that the model accounts for observations in this study in that (1) a conditioning trial can inhibit the ongoing process of LTM formation shown in Figure 8 (Fig. 9A) , and (2) three trials, but not two trials, with a 10-min or 15-min ITI lead to LTM formation shown in Figure 6 (Fig. 9B) . In Figure  9C ,D, we show that the model accounts for the observations that two, three, six, or more trials with 5-min ITIs lead to LTM formation but that four or five trials do not (Fig. 7) if we assume that process I lasts for at least 5 min (but no more than 10 min) once it is activated. Therefore, simple modifications of a model proposed for flies accounts for unique features of the memory system of cockroaches. Although more studies need to be performed to evaluate the validity of this model, the model should provide a starting point for further quantitative analysis of the interaction of inhibitory and facilitatory processes to form LTM observed in cockroaches.
Conclusion
We conclude that each training trial has a facilitatory or inhibitory effect on LTM formation depending on the intervals from preceding trials in olfactory conditioning in cockroaches. Cellular and molecular mechanisms underlying the interaction of these facilitatory and inhibitory effects are fascinating future subjects, and the model we proposed should provide a starting point for such study. We previously showed that activation of nitric oxide synthase (NOS) participates in LTM formation in cockroaches (Matsumoto et al. 2013) , and thus activation of NOS should comprise one of biochemical processes to activate the facilitatory process (process F) in the model. Cockroaches should provide a unique opportunity to study the interaction of facilitatory and inhibitory processes for LTM formation and its underlying cellular and biochemical mechanisms.
An important future subject is to investigate whether unique characteristics of memory formation in appetitive olfactory learning can be generalized to other forms of learning in cockroaches. Such studies should help to clarify general characteristics of the memory system of cockroaches and hence allow discussion of how unique properties of the memory system are related to life styles and evolutionary history of animals.
Materials and Methods
Animals
Adult male cockroaches, Periplaneta americana, maintained in a colony under a light-dark cycle of 14 h:10 h at 28˚C-30˚C were used. One week prior to conditioning, 30-40 cockroaches were collected from the colony into a plastic container. The container was placed in a rearing room with a reversed light -dark cycle of 12 h:12 h (light period: 20:00-8:00) at 25˚C-27˚C. Drinking water was provided ad libitum. No food was provided to enhance motivation to uptake sucrose solution. One day before the training, cockroaches were anesthetized by CO 2 and individually isolated into 200-mL beakers. The wall of each beaker was smeared with liquid paraffin to prevent the cockroaches from escaping, and the floor of the beaker was covered with black 
Conditioning procedure
Ten minutes before the training, beakers containing cockroaches were transferred from the rearing room to an experimental room. Training was performed in the dark period of the light-dark cycle under white fluorescent light. We have observed that cockroaches learn odors under white light as effectively as they do in the dark (Sato et al. 2006; Matsumoto et al. 2012) . The cockroaches were subjected to conditioning trials to associate an odor (CS) with sucrose (US). Rose or orange odor was used as CS and 0.5 M sucrose solution was used as US. Hypodermic syringes (each 1 mL) were used to present CS and US stimuli. A small filter paper (3 × 3 mm) was attached to the needle of the syringe at 10 mm from its tip (Fig. 1B) . The syringe was filled with sucrose solution. The filter paper attached to the needle was soaked with odor essence (rose or orange). The cockroaches received presentation of a CS for 6 sec, and after 3 sec, US was presented for 3 sec, with a 3-sec overlap to CS presentation (Fig. 1C: paired group) . For CS presentation, the filter paper was placed near the midpoint of the length of the antenna. Presence or absence of MER during a period of 3 sec from the CS onset was recorded. For US presentation, a drop of sucrose solution was presented to the antennae and then to the mouth and the cockroach was allowed to drink it. The number of trials and the ITIs were changed according to the purpose of experiments. After training, cockroaches were placed in a rearing room under a reversed light -dark cycle until the retention test.
Retention test
A memory retention test was performed under white fluorescent light during the dark period. Retention of CS-specific memory was assessed by comparing percentages of MERs to two odors (rose odor and orange odor): one odor was a CS and the other odor was a novel odor not used in training. The order of presentations of the two odors was randomized to avoid sequential effects. The CS and the novel odor were presented for 6 sec each with an interval of 5 min. After the retention test, sucrose solution was applied to the mouth or the antenna and resulting MER was tested. Data for cockroaches that did not show MER to sucrose US were discarded. Cockroaches that did not show response to US were ,0.7%.
Pharmacology
For injection of drugs, cockroaches were anesthetized with CO 2 and then a small hole was made in the head capsule between ocelli by a syringe needle. At 30 min before the start of training, the cockroaches were each injected with 3 mL saline or saline containing 1.25% DMSO (D-saline), 25 mM cycloheximide (CHX, translation inhibitor, Sigma-Aldrich), 0.5 mM L-NAME (NO synthesis inhibitor, Sigma-Aldrich), or 2.5 mM actinomycin-D (Act-D, transcription inhibitor, Nakarai, Tokyo) into the head hemolymph with a microsyringe according to the method of Matsumoto et al. (2013) .
Data analysis
Occurrence of MER to the test odor was recorded in training and in retention tests. In all experiments, the percentage of MERs was calculated as the number of cockroaches that exhibited MER to the CS divided by the total number of cockroaches studied. Acquisition performance was evaluated by comparing percentage of MERs to the CS with increase in the number of training trials using Cochran's Q test. Retention performance was evaluated by comparing percentages of MERs to the CS and that to the novel odor using McNemar's test. Fisher's exact test was used to compare percentages of MERs in training or the retention test between different groups. In the case of comparison among three or more groups, we constructed generalized linear models (GLMs), assuming a binomial distribution, and the significance of the difference of the effect of conditioning on Figure 9 . A hypothetical model to account for the effects of number of trials and ITI on LTM formation. The model assumes that (1) each training trial produces transient activation of biochemical process A, (2) multiple activations of process A trigger sustained activation of biochemical process F, (3) sustained activation of process F produces protein synthesisdependent LTM, (4) the effect of activation of process A to trigger F is weaker when the intervals from preceding activations are .5 min, and thus two trials are sufficient to trigger process F when the ITI is 5 min or less, but three trials are required when the ITI is .5 min, (5) when a trial is preceded by a trial with an interval in the range of 10 -16 min, the trial triggers process I, which inhibits process F, and (6) when a trial is preceded by multiple trials, process I is triggered when the number of preceding trials with intervals in the range of 10 -16 min is larger than the number of trials with intervals outside this range (,10 min or .16 min). In A, we show how the model accounts for the observation that three-trial conditioning with I 1 -2 ¼ 30 sec, I 2 -3 ¼ 10 or 15 min and I 1 -3 ¼ 10.5 or 15.5 min does not lead to LTM formation (Fig. 8) . The second trial triggers process F, but it does not trigger process I. The third trial triggers process I since I 1 -3 ¼ 10.5 min and I 2 -3 ¼ 10 min. Process I suppresses process F and thus no LTM formation occurs. In B, we show how the model accounts for the observation that three-trial training with 10-min or 15-min ITIs induced LTM formation but that twotrial training did not (Fig. 6) . The second trial triggers process I but not process F, whereas the third trial triggers process F and hence LTM formation occurs. In C and D, we show how the model accounts for the observation that two-, three-, or six-trial training with a 5-min ITI produced LTM but that four-or five-trial training did not (Fig. 7) . We observed that fivetrial training with 5-min ITIs did not produce LTM, but our model assumes that the fifth trial does not activate process I, since it is preceded by the first to fourth trials for 20, 15, 10, and 5 min and thus the number of trials with intervals in the range of 10 -16 min is equal to the number of trials with intervals outside this range (D). We thus added an assumption that activation of process I is maintained for at least 5 min (but not more than 10 min) once it is activated. For mathematical description of the model, see Supplemental Data 1. 
